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Advanced glycosylation end products (AGEs) ac- 
cumulate on long-lived extracellular matrix pro- 
teins and have been implicated in the micro- and 
microvascular complications of diabetes melli- 
tus. Within the arterial wall, AGE -modified pro- 
teins increase vascular permeability, inactivate 
nitric oxide activity* and induce tbe release of 
growth-promoting cytokines. Recently developed 
anti-AGE antibodies were used in an immuno- 
bistocbemicai analysis of coronary arteries ob- 
tained from type 11 diabetic and nondiabetic pa- 
tients. High levels of AGE reactivity were 
observed within tbe atherosclerotic plaque pre- 
sent in vessels from selected patients with diabe- 
tes. Considered together with tbe pathological ef- 
fects of AGEs on vascular wall homeostasis , 
these data support the role of advanced glyco- 
sylation in tbe rapidly progressive atherosclero- 
sis associated with diabetes mellitus. (Am f 
Pathol 1993* 143:1649-1656) 

The hign prevalence of cardiovascular disease in pa- 
tients with diabetes mellitus has been attributed to an 
atherosclerotic process that is more extensive and 
develops at an earlier age in diabetic than in non- 
diabetic individuals. 1 - 2 Pathological changes that oc- 
cur early in diabetic vessels Include functional ab- 
normalities tn vascular wall permeability, up- 
regufation ot procoagulant activity, and impairment in 



endotheiiai-dependent relaxation. 1 3-6 The deposi- 
tion of serum proteins and lipoproteins produces a 
thickening in the arterial basement membrane and 
medial layers. With time, fatty streaks appear, and 
endothelial disruption occurs. This is followed by my- 
ointimal proliferation and the formation ol complex in- 
traluminal plaques that constitute the hallmark lesions 
of atherosclerosis. 2 7 8 

Among the biochemical abnormalities that accom- 
pany diabetes mellitus is an increase in the formation 
of protein-linked advanced glycosylation end prod- 
ucts (AGEs). 9-11 Advanced glycosylation is a post- 
translational modification process that results from 
the spontaneous covalent reaction of circulating glu- 
cose with protein amino groups. Rearrangement re- 
actions then occur to produce fluorescent, cross- 
linking moieties that remain irreversibly bound to 
proteins. AGEs primarily affect proteins within the ex- 
tracellular insulin-independent tissue compartments 
and accumulate in increased amounts on long-lived 
basement membrane and matrix proteins. Within the 
vascular wall, collagen-linked AGEs cross-link, or 
"trap" plasma proteins, inactivate nitric oxide activity, 
and interact with specific cell surface receptors to 
induce cytokine and growth factor release 6 -' 2-1 A 
Plasma low density lipoprotein f LDL) also undergoes 
an increase in advanced glycosylation in diabetes. 
Once attached to the lipid component of LDL. AGEs 
initiate oxidative reactions that promote the formation 
of oxidized LDL. 15 This modified form of LDL is 
cleared predominantly by tissue macrophages, 
which, in the process, are transformed into the lipid- 
laden foam cells that accumulate in atherosclerotic 
vessels. 2 Numerous experimental studies, therefore, 
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support the concept that advanced glycosyiation 
contributes significantly to the atherogenic^ of the 

diabetic milieu. 

For many years, investigation of the pathogenic ef- 
fects of advanced glycosyiation has been hampered 
by the lack of specific and sensitive methods for de- 
tecting AGE-modified proteins in vivo. Several struc- 
turally defined AGEs. such as FF1. pyrraline. AFGP. 
CML and pentosidine. have been identified; how- 
ever, tissue analyses indicate that these particular 
compounds comprise, at most, only a small fraction 
of the AGEs that form in wVo. 16 ^ 22 In more recent ex- 
perimental approaches. AGEs that have been pre- 
pared under native physiological conditions in vitro 
have been used to elicit AGE-speci1ic monoclonal 
and polyclonal antibodies 23 ' ?s The antibodies pro- 
duced to these "native" AGE immunogens specifi- 
cally recognize a large class of glucose-derived 
AGEs that form in vivo. An important feature of these 
antibodies is their recognition of an AGE epitopes) 
that forms on diverse protein substrates. Thus, anti- 
AGE antibodies have been used successfully to iden- 
tity and quantitate the AGE modifications that occur 
on collagen, hemoglobin, serum proteins, and the 
lipid and apoprotein B components of LDL. 15 2326 
Over the last year. AGE immunoassays have been 
applied to a number of studies aimed at evaluating 
the role of advanced glycosyiation in diabetic and 
age-related complications and assessing the efficacy 
of ammoguanidine. a recently developed pharmaco- 
logical inhibitor of advanced glycosyiation. 15 26 

In the present study, we applied antt-AGE antibod- 
ies to an immunohistochemical analysis of coronary 
arteries obtained from type II diabetic and nondia- 
betic patients. AGE reactivity localized to the athero- 
sclerotic lesions present within diabetic vessels. The 
most intense staining was within the fibrous acellular 
areas of intraluminal plaque, which contained extra- 
cellular matrix deposits. AGE reactivity also was ob- 
served in less advanced vascular lesions that pre- 
dominantly showed myomtimal proliferation. The 
myocardial tissue showed strong AGE staining within 
intracellular granular deposits. These lesions dis- 
played the morphological features of basophilic ae- 
generation. 

Materials and Methods 
Reagents 

AGE-modified bovine serum albumin (AGE-BSA) 
and AGE-modified ribonuclease (AGE-RNAse) were 
prepared by incubatinj proteins (25-50 mg/ml) in 



200 mmol/L sodium phosphate buffer. pH 7 4. with 
500 mmol/L glucose for 12 weeks at 37 C Rabbit 
anti-AGE-RNAse and anti-RNAse antibodies were 
produced and characterized as descrioea previ- 
ously. 25 Goat anti-rabbit IgG was purchased from 
Cappel (West Chester. PA), and protemase-K was 
obtained from E. Merck AG (Germany) 

Subjects 

Twenty-five specimens of cardiac tissue ana left 
mam or left anterior descending coronary artery 
were obtained at autopsy from 1 1 nonmsulin- 
dependent diabetic patients (nine males and two 
females; mean age. 68 r 10.5 years: mean duration 
of diabetes. 13 6 r 10.4 years) and 14 nondiabettc 
patients (10 males and four females; mean age. 
70.1 r 7.2 years). All subjects were free of clinically 
evident coronary artery disease. The proximate 
cause of death did not differ significantly between 
the diabetic and nondiabetic groups (Table i). 

Immunohistochemical Staining 

Formalin-fixed and paraffin-embedded tissue were 
cut into 3-um thick sections and deparaffinized by 
treatment with xylene (5 min, three times), followed 
by graded ethanol. Mounted tissues were incu- 
bated with 0.05% proteinase-K (E. Merck) in 10 
mmol/L phosphate-buffered saline (PBS). pH 7.4. 
for 30 min at 37 C. These were then washed with 
PBS and dipped in 0.3% H 2 O 2 -100% methanol for 
30 min to block endogenous peroxidase. After addi- 
tional washes (in PBS. three times). 20% normal 
goat serum (Vector Laboratories, Burlingame. CA) 
was added for 10 min at room temperature to block 
nonspecific binding. Slides were incubated with 
rabbit anti-AGE-RNAse or control anti-RNAse anti- 
serum (1;30 to 1:100 dilution in PBS) for 24 hours at 
4 C. The control antiserum consisted of raDDit ooiy- 
cional antibody raised to the AGE earner protein. 
RNAse (anti-RNAse). After washing with PBS three 
times, peroxiaase-iabeled goat anu-rabbit IgG 
(Cappel) was added for 2 hours at room tempera- 
ture. The slides then were rinsed with PBS and incu- 
bated for 3 min with 0.02% 3.3-diaminobenzidme 
tetrahydrochloride (Sigma Chemical Co.. St. Louis. 
MO) in 50 mmol/L Tris-HCI buffer (pH 7.6) contain- 
ing 0.003% H 2 0 2 . After washing with PBS ana 
ddH 2 0. Meyer hematoxylin was added as counier- 
stain. As an additional control for anti-AGE immuno- 
reactivity, positively stained tissues were subjecteo 
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Table 1. Sum/nun "/ f 'A<jf: \tanttii<* withtn 0*nnutn Art(.*n- titnl ('tirtlua. Tissue \fhx itnt'ns 

DiaDeTes AGE Sta:nmc 
Panent Age duration : 

No. (years) Sex (years) Cause of deatn Coronary anery Caro^ac muscie 



NondiaDeuc patterns 



1 


• 


F 




Lung carcinoma 






2 


61 


M 




Lung carcinoma 






3 


64 


M 




Renal Janure 






4 


64 


M 




Hepatocellular carcinoma 






5 


64 


M 




Submandibular cancer 






6 


67 


M 




Tuberculosis 






7 


69 


M 




Lung carcinoma 






8 


70 


M 




Pulmonary fibrosis 






9 


75 


M 




Gastric cancer 






10 


76 


M 




Gastnc cancer 






1 1 


77 


F 




Congesuve nean failure 






12 


78 


M 




Pneumonia 






13 


79 


F 




Cervical cancer 






14 


80 


F 




Cervical cancer 






Diabetic patients 














1 


52 


F 


4 


Renal cet! carcinoma 






2 


57 


M 


20 


Congestive nean iatiure 






3 


59 


M 


10 


Liver ctrrnosis 






4 


61 


M 


18 


Gallbladder carcinoma 






5 


62 


M 


10 


Gastric cancer 






6 


64 


M 


10 


Shy-Drager syndrome 






7 


72 


M 


13 


Renaf failure 






8 


77 


F 


6 


Pneumonia 






9 


79 


M 


5 


Congestive nearr failure 






10 


81 


M 


41 


Esophageal cancer 




•*- 


11 


84 


M 


9 


Colon cancer 







to blocking experiments in which anti-AGE antise- 
rum was first premcubated with AGE-BSA (0.01 to 1 
mg/rnl) for 1 hour at 37 C. Sections that were 
stained with anti-AGE antiserum preincubated in 
this manner were uniformly negative. 

Results 

Preliminary studies showed that optimal tissue 
staining for AGEs was obtained by first treating tis- 
sue sections with protemase-K. An enhancement of 
antibody reactivity after mild proteolysis is consis- 
tent with biochemical analyses showing that 
protein-bound AGEs account in large part for Trie 
age- and diabetes-associated increases in connec- 
tive tissue cross-linking. 1 : l3 rr Proteolytic digestion 
serves to expose cross-imkmg AGE moieties that 
otherwise are stencaiiy inaccessible to antibody 
binding. Figure 1 shows a representative study of 
atherosclerotic plaque present within the coronary 
artery of a patient with a 13-year history of type tl 
diabetes. Hematoxylin-eosin staining revealed a 
markedly narrowed arterial lumen and a large intra- 
luminal plaque that showed features of extracellular 
matrix deposition, cellular proliferation, cholesterol 
cierts. and calcification (Figure 1A). The arterial in- 
tima is irregularly thickened and disrupted by dense 
plaque material. Immunoperoxidase staining with 



anti-AGE antibody is shown m Figure 1B. There is 
positive AGE staining tnroughout much of the 
plaque: however, the most intense areas of AGE re- 
activity are in the regions of fibrous extracellular 
protein deposits that surround cholesterol clefts. 
The specificity of the anti-AGE reaction was verified 
in control experiments, in which it was observed 
that AGE reactivity was inhibited completely by pre- 
incubation of the anti-AGE antibody with the antigen 
AGE-BSA (not shown). Control sections that were 
incubated with anti-RNAse antibody, an antibody re- 
active with the carrier protein for the AGE immuno- 
gen, also showed no positive staining (Figure iC). 

Figure 2 shows sections from the abdominal 
aorta of the same case as that studied m Figure i . 
This atheromatous lesion is less aavanced and 
snows a smaller amount of intraluminal protein ana 
lipid deposition than in the coronary atheroma. A 
prominent degree of endothelial disruption and my- 
ointimal proliferation is apparent. There is diffuse 
staining of AGEs throughout the lesion; however, the 
greatest density of AGEs appear in areas of matrix 
deposition. The regions of AGE reactivity virtually 
delineate the atheromatous area. 

AGE immunoreactivity equivalent to that shown in 
Figure 1 was observed in atherosclerotic plaque 
that was present in four of n autopsied diabetic 
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coronary arteries (Table 1 ). Interestingly, the positive 
group represented specimens obtained from indi- 
viduals who, on the average, were older (79 3 5 
years) and suffered from diabetes for a longer dura- 
tion of time (17 r 8 years) man the specimens that 
showed little or no AGE immunoreactivity (61 z 8 
and 11*3 years, respectively). A survey of vascu- 
lar lesions identified in the coronary arteries of 14 
nondiabetic patients showed no apparent AGE »n> 
mu.noreactivity. Because advanced glycosyiation af- 
fects matrix proteins ubiquitously as a function of 
age and ambient glycemia, 11 27 it is likely that the 
negative tissue staining was the result of tissue- 
bound AGE levels below the level of detection of 
immunohistochemica! techniques. 

Cardiac muscle sections from both diabetic and 
nondiabetic patients revealed -discrete regions of 
AGE reactivity that localized to intracellular granular 
deposits present within myocardial fibers (Figure 3). 



The deposits were generally perinuclear, appeared 
blue-gray with hematoxylin and eosin, and stained 
positively with periodic acid-Shiff reagent. These 
morphological features are consistent with baso- 
philic degeneration. The etiology and cimtco- 
pathologicat significance of basophilic degenera- 
tion are unknown, but it is commonly found <n 
cardiac tissue from older individuals. 28 AGE- 
reactive basophilic degeneration was observed in 
six of 11 diabetic specimens and five of 14 nondia- 
betic cardiac specimens (Table 1 ). 



Discussion 

The chronic hyperglycemia of diabetes increases 
the formation of protein-bound AGEs.*" 11 AGEs re- 
main irreversibly bound and. once attached, impart 
on the protein new structural and functional proper- 
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ties. AGEs progressively cross-link connective tis- 
sue collagen and contribute to the age-related in- 
crease in arterial and connective tissue rigidity that 
occurs at an accelerated rate in diabetes. 27 AGEs 
are chemotactic for monocytes and the receptor- 
mediated uptake of AGEs initiates cytokine- 
mediated processes that remove senescent macro- 
molecules and promote tissue remodeling. 14 
Occupancy of endothelial cell receptors by AGEs 
increases vascular permeability, down-regulates ex- 
pression of the anti-coagulant factor thrombomodu- 
lin, and increases cell surface expression of the 
procoagutant tissue factor. 29 Protein-bound AGEs 
contribute to diabetes-related vascular dysfunction 
by acting directly to chemically inactivate 
endotheliai-dertved relaxing factor (nitric oxide). 6 
Aminoguanidine, a pharmacological inhibitor of ad- 
vanced glycosylation. has been shown in recent 
studies to ameliorate many of the pathological com- 
plications associated with long term diabetes 
mellitus. 30-33 AGEs. therefore, have been proposed 
to play a central role in the development of diabetic 
micro- and macrovascular disease and to contrib- 
ute to the long term complications of retinopathy, 
nephropathy, and atherosclerosis. 

A role for advanced glycosylation in ine initiation 
and progression of atherosclerosis has been sup- 
ported further by recent observations that AGEs co- 
valently modify both the phospholipid and the apo- 
protein components of LDL 15 Immunochemical 
measurements of LDL isolated from patients with 
diabetes have revealed four-fold increases in the 
level of phosphoiipid-linked AGEs and two-fold in- 
creases in the level of apoprotein B-iinked AGEs 
compared to LDL obtained from normal nondiabetic 



controls. Phospholipid AGEs additionally have been 
shown to initiate the oxidative modification of LDL. a 
process that increases the atherogenicity of LDL by 
promoting its clearance by macrophage scaverger 
receptors. 2 Oxidized LDL levels are increased in 
patients with diabetes and correlate significantly 
with both lipid and apoprotein B AGE levels, sup- 
porting a mechanism for AGE-induced lipid oxida- 
tion in vivo. lS 

In the present study. anti-AGE antibodies were 
used in an immunohistochemical analysis of coronary 
arteries obtained from diabetic (type II) and nondia- 
betic patients. Positive AGE staining was observed 
througnout atherosclerotic plaque, with the most in- 
tense staining present in areas of fibrous extracellular 
protein deposits. Intraluminal protein deposition and 
hyalinization are common features of the atheroscle- 
rotic process. 1 The pattern of AGE reactivity that was 
ODserved in plaque is consistent with previous ob- 
servations that AGEs form slowly (days to weeks) and 
achieve the highest specific activity of modification 
on long-lived proteins present in the extracellular ma- 
trix. 202327 AGEs may accumulate m fibrous areas 
from advanced glycosylation reactions tnat occur ;° 
situ or. alternatively, from the covalent trapping 
AGE-modified serum proteins and lipoorotems. " 
Both processes may occur simultaneously The iden- 
tification of an AGE-modified lipid component on LDL 
together with the enhanced rate of formation of lipid 
AGEs compared to protein AGEs allow for the pos- 
sibility that a significant portion of the AGE reactivity 
present within atheroma may arise from lipid AGE 
deposition. 15 Once trapped, lipid AGEs may contrib- 
ute to pathological effects that have been attnbutec 
to protein-linked AGEs. An increase in the subendo- 



AGEs in Coronary* Atheroma 1655 



thelial density of lipid-AGEs would enhance protein 
deposition and cross-linking, stimulate macrophage- 
monocyte chemotaxis. and inactivate the vasodila- 
tory effects of nitric oxide (enaotnelial-derivea relax- 
ing factor). 6 12 ~ 14 34 Lipid AGEs atso may function to 
stimulate the AGE-spectfic receptor systems present 
on macrophages and endothelial cells. 3 - Additional 
effects would then ensue, such as enhancement of 
vascular permeability and stimulation of local cyto- 
kine and growth factor release. 1 * 29 

An incidental finding in the present study was the 
observation that within cardiac myofibrils, AGE re- 
activity localizes to areas of basophilic degenera- 
tion. Basophilic degeneration describes a finely 
granular, basophilic material that occurs within the 
myocardial cytoplasm. These lesions increase with 
age and have been identified in varying amounts in 
88% or more of individuals over the age of 11 
years. 28 The pathological significance of basophilic 
degeneration is unknown, but it has been reported 
to be present in greater amounts in patients with hy- 
pothyroidism, certain forms of myoclonic epilepsy, 
and idiopathic myocardiopathy 28 36 The chemical 
nature of basophilic degeneration also remains un- 
known, although histochemical studies suggest that 
it represents fibrillar material of polysaccharide ori- 
gin 28 The present findings suggest that AGEs ac- 
count for one component of basophilic degenera- 
tion and that the inherent cross-linking activity of 
AGEs may contribute to the insoluble aggregated 
nature of these deposits. 

Taken together with the diverse pathological ef- 
fects of AGEs. the immunohistochemical identifica- 
tion of AGEs within vascular atheroma support the 
role of advanced glycosyiation in the rapid progres- 
sion of diabetic vascutopathy. Immunohistochemical 
analyses of vascular wall AGEs may prove useful in 
evaluating the role of advanced glycosyiation inhibi- 
tors, such as aminoguanidine. in ameliorating both 
diabetic and nondiadetic vascular disease. 
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